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Some of the proposed explanations for the origin of ultrahigh-energy cosmic rays invoke new sources
of energetic photons (e.g., topological defects, relic particles, etc.). At high red shift, when the cosmic
microwave background has a higher temperature but the radio background is low, the ultrahigh-
energy photons can generate neutrinos through pair-production of muons and pions. Neutrinos
produced at high red shift by slowly evolving sources can be detected. Rapidly evolving sources of
photons can be ruled out based on the existing upper limit on the neutrino flux.
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Discovery of cosmic rays [1] with energies beyond the
Greisen-Zatsepin-Kuzmin (GZK) cuto [2] presents an
outstanding puzzle in astrophysics and cosmology [3].
Many proposed explanations invoke a new source, such
as superheavy relic particles [4{6] or topological de-
fects [7{9], that can generate photons at both low and
high red shifts. In understanding the origin of the
ultrahigh-energy cosmic rays (UHECR), it is crucial to
distinguish such sources from more conventional astro-
physical ones [10]. In this letter we show that a dif-
fuse background of neutrinos with energies 1017−1018eV
can provide evidence for UHECR generated by photon
sources at high red shifts.
Generation of neutrinos by ultrahigh-energy cosmic
rays has been studied [8,9,11{14] for sources at small red
shift, for which muon pair-production can be neglected.
However, a substantial flux of neutrinos could be pro-
duced at earlier times, when the propagation of cosmic
rays was dierent from that in the present universe be-
cause the density of radio background was lower, while
the cosmic microwave background (CMB) density and
temperature were higher.
At red shift z the cosmic microwave background radi-
ation (CMBR) has temperature T
CMB
(z) = 2:7(1 + z)K.
Because of this, at high red shift the photon-photon in-
teractions can produce pairs of muons and charged pions,
whose decays generate neutrinos. This is in sharp con-
trast with the z < 1 case, where the photons do not pro-
duce neutrinos as they lose energy mainly by scattering
o the radio background through electron-positron pair
production and subsequent electromagnetic cascade [3].
The ratio of the CMBR density to that of universal ra-
dio background (RB) decreases at higher z, and the pro-
cess γγCMB ! +− ! e+e−ee can produce neu-
trinos. The threshold for this lowest-energy neutrino-
generating interaction is
p
s > 2m = 0:21GeV, or




Protons also produce neutrinos through photoproduc-
tion and decay of pions. In addition, the GZK cuto for
the protons decreases to EGZK (z) = 5(z +1)
−11019eV.
However, there are important dierences in the neutrino
backgrounds produced by photon and proton sources if
they are active at high red shifts. If UHECR are mostly
protons, the neutrinos are produced at all red shifts, and
a large fraction of them can have high energies, up to the
GZK cuto. If, however, UHECR are photons, the neu-
trinos are only produced at a cosmologically early time,
and their spectrum has a much lower cuto because of
the red shift. This can help distinguish between the two
types of candidate sources if neutrinos are detected. Our
discussion applies to any source of photons active at high
red shift. The latter requirement excludes some astro-
physical sources [10]. Topological defects [7{9] and de-
caying relic particles [4,5], however, could operate even
at z  1. These sources are expected to produce more
photons than protons beyond the GZK cuto. We will
describe a neutrino signature of this class of sources.
At z < 1 the main source of energy loss for photons is
electromagnetic cascade that involves e+e− pair produc-
tion (PP) on the radio background photons. The radio
background is generated by normal and radio galaxies.
Its present density [19] is higher than that of CMB pho-
tons in the same energy range. The radio background
determines the mean interaction length for the e+e− pair
production. At red shift z, however, the comoving den-
sity of CMB photons is the same, while the comoving
density of radio background is lower. Models of cosmo-
logical evolution of radio sources [20] predict a sharp drop
in the density of radio background at red shift z > 2.
Let z
R
be the value of red shift at which the scattering
of high-energy photons o CMBR dominates over their
scattering o RB. Based on the models of RB [20], we
take zR  3.
Let us now consider the propagation of photons at
z > z
R
. In particular, we are interested in the neutrino-
generating process γγ
CMB
! +−. The threshold for
this reaction is given in eq. (1). For
p
s > 2m± =
1
0:28GeV the charged pion production and decay can also
contribute to the neutrino flux.
Although the cross section for the electron pair pro-
duction is higher than that for the muon pair produc-
tion, neutrinos are nevertheless produced. This is be-
cause the high-energy photons are continuously regener-
ated in the electromagnetic cascade [3]. Since the ener-
gies of the two interacting photons are vastly dierent, ei-
ther the electron or the positron produced in the reaction
γγCMB ! e+e− has energy close to that of the initial pho-
ton. This electron undergoes inverse Compton scattering
(ICS) and produces a photon with a comparable energy.
As a result, the electromagnetic cascade creates a mixed
beam of photons and electrons with comparable fluxes.
Thanks to the regeneration of high-energy photons, the
energy attenuation length eff is much greater than the
pair production interaction length (γγ
CMB
! e+e−).
We dene the energy attenuation length as that over
which a high-energy photon loses 1=3 of its energy. The
relation between the two quantities can be calculated as
in Ref. [21]:














We now compare this length with the interaction
length for muon pair production. For large values of s,
(γγ
CMB
! +−) = (γγ
CMB
! e+e−) ln(m2=m2e) 
10(γγ
CMB
! e+e−). This is 50 times smaller than
the energy attenuation length for the photons, eff in
eq. (2), for z = 3. For more energetic photons withp
s > 0:6GeV, double pair production with cross section
(γγ
CMB
! e+e−e+e−) = 434=9m2e begins to domi-
nate scattering. However, even at this point the energy
attenuation length is about an order of magnitude longer
than the interaction length for pair production of muons
and pions.
Since eff  (γγCMB ! +−), in the absence of
dense radio background all photons with E > Eth pair-
produce muons and pions before their energy is reduced
by the cascade. Due to the kinematics, one of the two
muons has a much higher energy than the other, in full
analogy with the e+e− case. Muons decay before they
can interact with the photon background. Each energetic
muon produces two neutrinos and an electron. The latter
can regenerate a photon via ICS.
This process can repeat until the energy of a regen-
erated photon decreases below the threshold for muon
pair production. If the muons are produced  times in
the cascade, the total number of energetic neutrinos is
2. While eff  (γγCMB ! +−), two rounds of
muon pair production can lower the energy in the pho-
ton cascade by one order of magnitude. For z  3 and
Eγ  1020eV, it seems reasonable to assume   2, so
that four energetic neutrinos are produced per photon.
(This is an underestimate because we have neglected the
contributions from a reaction γγ
CMB
! +− that pro-
duces six neutrinos per photon, three of which are very
energetic.)
Now we calculate the flux of these neutrinos and their
energies.
Sources of UHE photons, whether they are topolog-
ical defects [8] or decaying relic particles with cosmo-
logically long lifetime [4], produce high-energy photons
at some rate _n
X





−m, with m = 0 for decaying relic parti-
cles, m = 3 for ordinary string and necklaces, and m  4
for superconducting strings [7,8]. Those UHECR that are
produced closer than R
GZK







)  10−19cm−2s−1sr−1. How-
ever, there is no GZK cuto for neutrinos. Therefore,
all the neutrinos produced at z > zR contribute to the
present flux.







(z) (1 + z)−4
= 3=(2a) _n
X,0t0[(1 + zR)
a − (1 + zmax)a]; (3)
where a = (3m−11)=2, zmax is the red shift at which the
universe is opaque to ultrahigh-energy neutrinos.
The value of zmax is determined by the neutrino inter-
actions with the relic neutrino background. The absorp-
tion red shift for neutrinos with energy 1017 − 1018eV is
zmax  3 103 [17].
If m < 11=3, a < 0, and, according to eq. (3), most
of neutrinos come from red shift z  z
R
 3. All these
neutrinos are produced by photons with energies Eγ >
Eth = 1020eV=(1 + zR)  2 1019eV. Photons with such
energies have energy attenuation length 10 Mpc [3] in the
present universe. This corresponds to red shift z
GZK ;γ =
0:002. One can relate the flux of neutrinos in eq. (3)
to the observable flux of photons produced by the same
source:









)a − (1 + zmax)a
1− (1 + z
GZK ;γ)a
: (4)





(E > 5  1019eV) because
the sources we are considering are supposed to explain










depends on the spectral
properties of the source. For z
R
 3, values of   3−10
are consistent with existing models [8] and the E−2 shape
of the cosmic ray spectrum.
The neutrinos from sources with m  4 are mainly pro-
duced at high red shifts, z  zmax, according to eq. (3).
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Therefore, photons with energies from 1017eV to 1020eV
can contribute to the neutrino production. At z < 1,
the energy attenuation length for 1017eV photons is only
0.5 Mpc [3], while the observed cosmic ray flux at this
energy is much higher than at 1019eV. Therefore, there
is no signicant constraint on the intensity of the photon
source at 1017eV. In other words, the value of  can be
very large. Although the exact prediction for the flux
of neutrinos depends in this case on the spectrum of the
source, we can set a lower limit by assuming that the neu-
trinos are only produced by photons with energies near
1020eV. At red shift z  102 − 103, the photon-photon
interactions occur with
p
s  3 − 10 GeV and can pro-





! +−+−, etc. [22]. Therefore, the number
of neutrinos per photon is substantially higher.






 10−20cm−2s−1sr−1; m = 0;
3 103 
GZK
 3 10−16cm−2s−1sr−1; m = 3;
> 106 
GZK
> 10−13cm−2s−1sr−1; m  4:
(5)
If the source in question is a slowly decaying relic par-
ticle or some other source with m = 0, the neutrinos pro-
duced at high red shift are probably not detectable. Of
course, if the relic particles [5] or topological defects [9]
produce UHECR through Z-bursts [18], neutrinos from
Z decays can be detected in the near future.
For the case m = 3 predicted by a number of mod-
els [8], the neutrino flux is   3  10−16cm−2s−1sr−1.
The energy of these neutrinos is E(z)  E=3  Eγ=3
at red shift z. Assuming a falling photon spectrum, we
expect the highest flux from photons near the thresh-
old. The present neutrino energy is, therefore, E 
(1 + z)−11020eV=3=(1 + z)  3  1019eV=(1 + z)2. For
z  3, E  1018eV.
The neutrino flux   310−16cm−2s−1sr−1 at E 
1018eV exceeds the background flux from the atmosphere
and from pion photoproduction on CMBR at this en-
ergy [11,12]. Active galactic nuclei (AGN) may produce
a comparable or even higher flux of neutrinos, according
to some models [12]. If the neutrino flux from AGN at
E  1018eV is lower [23] than 10−16cm−2s−1sr−1, neu-
trinos produced by the photon sources with m = 3 can
be observed by HiRes, Pierre Auger, EUSO, OWL, and
other future experiments [14,24].
If m  4, neutrino energies can range from 1011eV
to 1017eV, and their spectrum depends on the spectrum
of the photon source. The flux in eq. (5) is a conser-
vative lower bound based on the assumptions that the
hypothetical source is the origin of UHECR and that
the photon spectrum is peaked at 1020eV. Sources with
such a high neutrino flux are barely consistent with
the existing upper limit from Fly’s Eye detector [15],
 < 10−13cm−2s−1sr−1. (This limit will soon be fur-
ther improved by HiRes experiment.) This upper limit
applies for E > 1017eV, so that only neutrinos from
z < 100 should be counted. However, even if one re-
stricts the integration in eq. (3) to z < 100, the lowest
expected flux of neutrinos reaches the upper bound from
Fly’s Eye. The less energetic neutrinos (E  1011eV)
produced at z  3 103 can also be observed by Super-
Kamiokande [16] and future neutrino telescopes; their
flux is model-dependent.
To summarize, we have shown that sources of
ultrahigh-energy photons that operate at red shift z > 3
produce neutrinos with energy E  1018eV. The flux
depends on the evolution index m of the source. A dis-
tinctive characteristic of this type of neutrino background
is a cuto below 1019eV due to the universal radio back-
ground at z < z
R
. This is in contrast with sources
of ultrahigh-energy protons that can produce neutrinos
with energies up to the GZK cuto and beyond. Rapidly
evolving photon sources (m > 4) cannot be the origin of
UHECR because of the existing upper limit on the diuse
neutrino flux.
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